In this study, to establish the conditions of a drug release assay for PEGylated liposome formulations that relates with the drug stability profile in serum in vivo, the influences of incubation temperature and serum protein in the release buffer were examined using liposomal doxorubicin (DXR). In in vitro drug release assays, a PEGylated liposomal DXR in phosphate buffered saline (PBS) at 37°C showed higher drug release rate than non-PEGylated formulation although PEGylated liposomal DXR had higher stability than an equivalent nonPEGylated formulation following intravenous injection. When bovine serum albumin (BSA) and increased temperature, 50°C, were used to accelerate drug release from the liposomes and to mimic in vivo result, non-PEGylated liposomal DXR showed conversely higher release than a PEGylated formulation. Since high temperature increased BSA adsorption onto liposomes, BSA may cause non-PEGylated liposomes instability more than PEGylated ones, resulting in the reverse of the drug release rate of both liposomes. This finding suggested that the conditions in the drug release assay with PEGylated liposomal DXR may be able to be set by a combination of BSA and providing additional thermal energy.
To date, nano-sized systems such as liposomes have been explored for the systemic delivery of anti-cancer agents as potential drug delivery systems (DDS). The incorporation of polyethyleneglycol (PEG)-modified lipids (PEGylated) into liposomes efficiently overcomes problems associated with liposome elimination. Liposomal doxorubicin (Doxil ® ) is currently on the market. In order to rationally design liposomal DDS, it is necessary to fully characterize their drug retention and release properties both in vitro and in vivo. Several in vitro drug release assays of liposomes have been reported, [1] [2] [3] but there are few standards for drug release assays of liposome-based formulations at present. Furthermore, it is often the cases that in vitro-based drug release assays do not accurately predict the liposomal drug retention properties actually observed in vivo. PEGylated liposomes are not stable compared with non-PEGylated ones in buffer (pH 7.4) contrary to in vivo result that PEGylated liposomes is significantly stable in serum compared with non-PEGylated ones. [4] [5] [6] For quality assessment as well as in vivo relevance; the possibility of in vitro-in vivo correlation, a condition on accelerated in vitro assay for routine quality control purpose are needed. PEGylated liposomes composed of lipids with high phase transition temperatures require a long time to evaluate the drug release profile because the drug release rate of these liposomes is quite slow. The addition of surfactants such as detergent has been applied, 7) however, some detergents might insert into liposomes during incubation and change the physicochemical properties of intact liposomes. NH 4 Cl and high sucrose in release buffer to compensate drug gradient inside liposome was added. 3, 8) We used high temperature, 50°C in release studies in spite of far from the physiological environment. This method will be effective in shortening the experimental time-period.
Serum is frequently added to the buffer to more closely mimic the physiological environment. We also used bovine serum albumin (BSA) as a serum protein since albumin was assumed to be comparatively readily adsorbed by liposomes in vivo. 9) This approach may be useful in research on the release profile of PEGylated liposomes although in vitro studies where PEGylated liposomes were incubated with only one type of protein could not be extrapolated directly to the more dynamic in vivo situation.
In this study, to establish conditions for a drug release assay corresponding of the release properties of a drug in liposomal formulations in vivo, the release profile of the formulations of liposomal doxorubicin was examined using BSA-containing buffer and increased temperature.
MATERIALS AND METHODS
Materials Doxorubicin (DXR) hydrochloride, cholesterol (Ch), BSA, and Coomassie brilliant blue R-250 (CBB) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Fully hydrogenated soy phosphatidylcholine (HSPC), distearoylphosphatidylcholine (DSPC) and polyethyleneglycol-distearoylphosphatidylethanolamine (PEG-DSPE, molecular weight of PEG: 2000) were purchased from NOF Co. (Tokyo, Japan). Other reagents used in this study were of reagent grade.
Animal Male ddY mice weighing 26-29 g were purchased from Sankyo Lab Service Co., Ltd. (Tokyo, Japan). The animal experiments were done under ethical approval from the Institutional Animal Care and Use Committee.
Liposome Preparation Lipid mixture (about 50 mg) was dissolved in chloroform in a round bottomed flask. To prepare a dried lipid film, chloroform was removed by rotary evaporation. The lipid films were subsequently hydrated in 3 ml of warm 300 mM citrate buffer (pH 4.0) for DXR encapsulation. Liposomes were subsequently sonicated by probe sonicator to reduce the size of about 100 nm. The mean diameter and z-potential of the liposomes were determined by dynamic light scattering and electrophoresis methods, respectively (ELS-Z2, Otsuka Electronics Co., Ltd., Osaka, Japan) at 25°C after diluting the liposome suspension with water. 10) The formulation of low Ch-liposomes was increased PEG-DSPE because low PEG modification did not change release profiles in preliminary experiment. These liposomes were actively loaded with DXR by a pH gradient method as reported previously.
Liposomal DXR
11) After the external pH was adjusted to pH 7.4, liposomes were incubated with DXR at a drug : total lipid ratio of 1 : 5 (w/w) at 60°C for 25 min, and passed through a Sephadex-G50 column by eluting with saline to remove any unencapsulated DXR. To determine the encapsulation efficiency, the drug concentration was analyzed at l ex 480/l em 580 nm using a fluorescence spectrophotometer F-4010 (Hitachi Co., Ltd., Tokyo, Japan).
Drug Release Experiments Different liposomal formulations were diluted in two different release buffers, phosphate buffered saline (PBS) with or without 1% BSA, which corresponded to be used outside of dialysis tubing. One milliliter of diluted liposomes (200 mg DXR/ml) was placed into dialysis tubing (Spectra/Por CE, molecular weight cutoff of M r ϭ100 K, Spectrum Laboratories Inc., Rancho Dominguez, CA, U.S.A.), and dialyzed against 100 ml of release buffer. The condition may permit transport of the complex of released drug with BSA through dialysis membrane; effect of BSA binding on the dialysis membrane with respect to drug release may be neglected since free drug showed more than 60-80% release 3 h after incubation (data not shown). The dialysis process was performed at 37°C and 50°C and away from bright light. At various time points, 1 ml aliquots were withdrawn from the outer aqueous solution for analysis and replaced by 1 ml of fresh release medium. The samples were stored at 4°C until analysis and fluorescence was quantified spectrophotometrically. Drug release profiles from liposome were expressed according to experimental equation:
Where M 0 is the total amount of drug in liposomes, M t is the amount of drug released at time t, and Kd is the release rate constant (% h
Ϫ1/2
). Kd values will enable formulations to compare quantitatively the release profiles.
Pharmacokinetic Analysis Male ddY mice were given free or liposomal DXR by intravenous injection via the lateral tail vein in a single dose of 5 mg DXR/kg. At 4, 6, and 24 h after the injection, the mice were anesthetized by ether inhalation and immediately sacrificed by cervical dislocation. Blood was sampled first, and then liver and spleen were excised rapidly, rinsed in physiological saline, and weighed. Blood samples were centrifuged at 14000 rpm for 4 min at 4°C to separate the serum. The serum and tissue samples were stored at Ϫ20°C until analysis. DXR concentrations of serum and tissues were determined by the HPLC method. 12) Daunomycin (100 ng) was added to all samples as an internal standard. The HPLC system was composed of an LC-10AT vp pump (Shimadzu Co., Kyoto, Japan), a SIL-10A autoinjector (Shimadzu Co.), an RF-10A XL fluorescence detector (l ex 482/l em 550 nm, Shimadzu Co.), and an YMC-Pack ODS-A, 150ϫ4.6 mm i.d. column (YMC Co., Ltd., Kyoto, Japan). The mobile phase was 0.1 M ammonium formate (pH 4.0) : acetonitrileϭ7 : 3 (v/v) at a flow rate of 1.0 ml/min. The concentration of DXR in each sample was determined using a calibration curve. The plasma area under the curve (AUC) from 0 to 24 h and clearance were calculated using the bootstrap method. 13) BSA Binding to Liposomes Empty liposomes, CL, and CSLh (corresponding to 1 mg lipid) were incubated with 100 ml of 1% BSA solution for 3 and 8 h at 37°C and 50°C in assist tubes. The liposome suspensions were placed in centrifuge tubes and then diluted with 900 ml PBS. BSA solution was used as a control to exclude non-specific binding. The liposome suspensions were ultracentrifuged at 41000 rpm for 1 h at 25°C, and the pellets were washed three times with PBS. BSA in the pellet was extracted with 100 ml of 2% sodium dodecyl sulfate (SDS) and analyzed by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. The gels were stained with Coumassie brilliant blue (CBB). BSA amounts were estimated by scanning the gel bands using Kodak 1D Image Analysis Software. Table 1 presents the particle size, entrapment efficiency, and z-potentials of liposomal formulations. The results indicated that all liposomes had a size ranging from 93 to 120 nm. High Ch-liposomes, DCL and DCSL, showed an entrapment efficiency of Ͼ93%, but low Ch-liposomes, DL, showed an efficiency of about 60%. The entrapment efficiency of DL decreased when the amount of Ch in the formulation was low; furthermore, that in DSL was decreased by the PEG modification by 11-20 mol% compared with DL. DSL showed highly negative z-potentials compared to the non-PEGylated formulations. drug release assay, low Ch-liposomes were incubated at 37°C or 50°C in PBS with or without 1% BSA. The profiles of DXR release from DL and DSL are shown in Fig. 1 . After incubation at 37°C in PBS for 8 h, DSLh, DSL, and DL showed about 30%, 20%, and 10% release, respectively. When the % drug release of liposomes was plotted as a function of the square of time, the plot showed linearity until 5 h at an early stage (correlation r 2 with Ͼ0.8, data not shown) where the slope Kd calculated ( Table 2 ). The Kd values of DL, DSL, and DSLh were 4.9, 9.2, and 14.8% h Ϫ1/2 . After incubation at 37°C or 50°C in PBS with or without BSA, an increase in the release rate was seen with all liposomes compared with those in only PBS (Fig. 1C) ) (Fig. 1D ). The profiles of DXR release from high Ch-liposomes, DCL and DCSL are shown in Fig. 2 . After incubation at 37°C with 1% BSA and 50°C in PBS for 8 h, the difference in the release rate was not significant except for DCL ( Figs.  2A-C) . After incubation at 50°C in PBS with BSA, DCL showed the highest release rate (Fig. 2D) . The Kd values of DCL, DCSL, and DCSLh were similar after incubation at 37°C in PBS with or without BSA, and rose to 9.9, 7.0 and 8.0% h Ϫ1/2 at 50°C in PBS with BSA, respectively ( Table 2) . No change in the particle size of DCL or DCSL was observed after the release assay. Precipitation was not seen except a little cloudiness when BSA was added to the release buffer. Similar to DL, even increase of Ch amount in liposomes, DCL was mostly influenced at 50°C by the presence of BSA and became higher release. These findings suggest that PEG moiety may protect liposomes from change of circumstance by addition of BSA and increased buffer's temperature.
RESULTS
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In Vivo Drug Concentration after Intravenous Injection To examine the correlation of the drug release properties of liposomes in vitro and in vivo, DCL and DCSLh were selected. Figure 3 shows the in vivo drug concentration profiles of free and liposomal DXR after intravenous injection in mice. Serum clearance kinetics of DCSLh was compared to that of free DXR and DCL. As shown in Fig. 3A , clearance of DCSLh (0.13Ϯ0.03 ml/h; meanϮS.D.) was 222 and 3.4 times lower than that of free DXR and DCL, respectively. AUC value of DCSLh, DCL and free DXR in serum was 1263Ϯ391 mg · h/ml, 362Ϯ95 mg·h/ml and 5.2Ϯ0.3 mg·h/ml, respectively. The tissue distribution of liposomal DXR was also examined (Figs. 3B, C) . DCL accumulated 21.8% of the injected DXR dose in both the liver and the spleen at 6 h. DCSLh accumulated only 12.5% of the injected DXR dose in both the liver and the spleen at 6 h. As a result, DCSLh maintained higher stability in the bloodstream compared to DCL. Although the DXR levels in the bloodstream contained both liposomal DXR and free DXR released, the released free DXR is very rapidly cleared from the bloodstream and therefore, the detected DXR in blood was considered to be mainly the liposomal one after intravenous injection in this study.
BSA Binding to Liposomes
To clarify the influence of temperature and BSA on the drug release profile of PEGylated liposomes, BSA adsorbed onto empty liposomes (CL and CSLh) during incubation was evaluated by SDS-PAGE. As shown in Fig. 4 , a band of BSA, as observed in the 1% BSA solution, was not present in the sample. The amount of BSA adsorbed to CL and CSLh-8 at 37°C increased with an increase in incubation time; 9 and 80 mg BSA/mg lipid for CSLh and 7 and 50 mg BSA/mg lipid for CL at 3 and 8 h, respectively, indicating that slightly less BSA absorbed to PEGylated CSLh than to non-PEGylated CL. These adsorbed amounts were near that for dipalmitoylphosphatidylglycerol liposomes (58 mg/mg) incubated in BSA solutions at 37°C for 1 h. 14) Moreover, at 3 h the amount of BSA adsorbed at 50°C increased to approximately 250 and 280 mg BSA/mg lipid for CL and CSLh, respectively.
DISCUSSION
The drug release rate from liposomes may be affected by the preparation method of liposomes, 6) vesicle size, 9, 15) formulation [15] [16] [17] and loading method of the drug, 6) etc. Here, all liposomes were prepared by the thin film method, the particle diameter was adjusted to about 100 nm by sonication, and loading method of the drug was same among the formulations. Six liposomal formulations were tested where the Ch content was high and low and with or without PEGylated lipids. In addition, the relation of the in vivo stability of liposomes in the bloodstream with the drug release profile in vitro was examined. Furthermore, influence of temperature and BSA on PEGylated and non-PEGylated liposomes in a release assay was evaluated by measuring the adsorption amount of BSA.
In PEGylated low Ch-liposomes with 11 and 20 mol% of PEG-DSPE, the particle size tended to be smaller. This finding may be explained as PEG increasing the repulsive forces on the liposome surface with negatively charged PEG-DSPE. 18 ) PEGylated low Ch-liposomes decreased the encapsulation efficacy of DXR. It was thought that PEG chain in the aqueous inner part in liposomes may decrease the volume of water inside liposomes, 14) and the PEG conformational model changes liposomes. 19) PEGylated high Ch-liposomes did not change the encapsulation efficacy. DXR seemed to be highly encapsulated by liposomes as the Ch content increased, which was probably concerned with the addition of Ch to the phospholipid membrane resulting in stabilization of the membrane and related to maintenance of the pH gradient during encapsulation. 11) In the drug release test, both low and high Ch-liposomes exhibited similar profiles. BSA is homologous to human serum albumin (HSA) in terms of its functions, and BSA did not suffer unfolding at 50°C. 20) After incubation at 37°C in PBS, the drug release from both liposomes increased with the increase in PEG modification. It is thought that PEG modification may cause liposome instability and the rapid release of encapsulated drugs. To the contrary, in high temperature and the addition of BSA, the drug release from nonPEGylated liposomes became higher than PEGylated ones. This finding corresponded well to the report that the release of fluorescence entrapped in liposomes in PBS was slow, but when BSA or serum was added the release rate increased. [21] [22] [23] It was reported that the adsorption of BSA brings about a phase separation in liposomes and that a temporary gap is consequently formed in the liposomal bilayer membranes, thereby the permeability of liposomal bilayer membranes increases by the adsorption of BSA. 23) The difference in the serum DXR levels following systemic administration of DCL and DCSLh is contributed by the difference in the release profiles of these liposomes in the blood stream and the difference in their capture by the liver and spleen. At an early stage postinjection, it may be greatly affected by the former. Enhancement of their stability in vivo was explained that the steric barrier of PEG prevents the aggregation of colloidal carriers, 24) and prevents protein adsorption in serum with the increase in the water-binding Empty liposomes (corresponding to 1 mg lipid) were incubated in 1% (w/v) BSA (100 ml) for either 3 or 8 h at 37°C or 50°C. (1) CSLh and (2) CL were incubated for 8 h at 50°C (3) CSLh and (4) CL were incubated for 3 h at 50°C, (5) CSLh and (6) CL were incubated for 8 h at 37°C, (7) CSLh and (8) CL were incubated for 3 h at 37°C, and (9) 1%BSA solution.
ability of the PEG chains. [25] [26] [27] Therefore, the effect of adsorption of BSA onto liposomes was examined in terms of the stability of liposomes in vitro.
The amount of BSA adsorption to the liposomes was increased in line with the incubation time and temperature. At 50°C, the amount of BSA adsorbed to the liposomes, CL and CSL, increased greatly to almost the same level at 3 h incubation. The difference in the drug release profile of DCL and DCSL may be due to differences in the adsorption site of BSA rather than the adsorption amount. The adsorption of BSA on non-PEGylated CL might bring about an increase in the permeability of liposomal bilayer membranes (Fig.  5A) . 21) On the other hand, in the case of PEGylated CSL, BSA might be trapped in the intermolecules of the PEG chain and not interact directly with the liposome, which resulted in protection of the surface of the liposome (Fig.  5B) . As a result, BSA stabilized CSL but destabilized CL. This difference in the stability of liposomes by adsorption of BSA was reflected in a large difference in the release profiles at 50°C where the adsorption of BSA was increased. It was reported that the profiles of adsorbed proteins on PEGylated and non-PEGylated liposomes incubated in 10% serum were similar by SDS-PAGE. 7) This finding corresponded well on our previous report that PEGylated liposome adsorbed HSA exhibited longer circulation in mice than only PEGylated ones. 28) PEG may not completely prevent interactions with serum proteins. PEG may form a shroud on the surface of the liposomes partially shielding hydrostatic charges, 24, 29) but this may still allow for protein interactions with the surface of the liposome. Thus, this is the first report that a combination of BSA and temperature may act synergistically to increase the release of DXR from non-PEGylated liposomes compared with PEGylated liposomes in vitro. This may provide a good relation with the stability of PEGylated and non-PEGylated liposomes in vitro and in serum. In different loading method of the drug, we confirmed that this condition also worked release of fluorescence entrapped during formation of liposomes (data not shown).
CONCLUSION
In in vitro drug release assays, PEGylated liposomes could be more stable than non-PEGylated liposomes in both the presence of BSA and at high temperature because adsorbed BSA may cause non-PEGylated liposomes instability more than PEGylated ones. Thus, the conditions of the drug release assay of PEGylated liposomal DXR might be able to replicate in vivo conditions, in which PEGylated liposomes exhibited more stable drug profile in serum than non-PEGylated liposomes, using a combination of BSA and by providing additional thermal energy. 
